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ABSTRACT
Over a large range of equilibrium temperatures, clouds shape the transmission spectrum of hot Jupiter atmo-
spheres, yet their composition remains unknown. Recent observations show that the Kepler lightcurves of some
hot Jupiters are asymmetric: for the hottest planets, the lightcurve peaks before secondary eclipse, whereas for
planets cooler than ∼ 1900K, it peaks after secondary eclipse. We use the thermal structure from 3D global
circulation models to determine the expected cloud distribution and Kepler lightcurves of hot Jupiters. We
demonstrate that the change from an optical lightcurve dominated by thermal emission to one dominated by
scattering (reflection) naturally explains the observed trend from negative to positive offset. For the cool plan-
ets the presence of an asymmetry in the Kepler lightcurve is a telltale sign of the cloud composition, because
each cloud species can produce an offset only over a narrow range of effective temperatures. By comparing our
models and the observations, we show that the cloud composition of hot Jupiters likely varies with equilibrium
temperature. We suggest that a transition occurs between silicate and manganese sulfide clouds at a tempera-
ture near 1600K, analogous to the L/T transition on brown dwarfs. The cold trapping of cloud species below
the photosphere naturally produces such a transition and predicts similar transitions for other condensates, in-
cluding TiO. We predict that most hot Jupiters should have cloudy nightsides, that partial cloudiness should be
common at the limb and that the dayside hot spot should often be cloud-free.
1. INTRODUCTION
Clouds play a major role in shaping the transmission spectra
of hot Jupiters, impeding a precise determination of molecu-
lar abundances (Sing et al. 2016). Despite their importance,
the composition of these clouds remains unknown, partly be-
cause their optical properties are more sensitive to physical
properties such as the particle size than chemical composi-
tion (Heng & Demory 2013) and partly because their vertical
distribution is very sensitive to unconstrained processes such
as vertical mixing (Morley et al. 2013; Lee et al. 2015). To
date no correlation has been observed between the presence
of clouds and fundamental planetary parameters such as ir-
radiation or gravity although it is theoretically expected (Su-
darsky et al. 2000). This is surprising since over the same
range of effective temperatures a strong correlation between
temperature and cloudiness has been established for brown
dwarfs (Kirkpatrick 2005; Marley et al. 2010). Clouds appear
in the M/L transition and disappear at the L/T transition, dur-
ing which some objects harbor patchy cloudiness (Crossfield
et al. 2014).
Hot Jupiter atmospheres possess large horizontal temper-
ature contrasts despite the strong circulation driven by the
intense and inhomogeneous irradiation they receive. Fast
eastward winds and planetary scale waves shift the temper-
atures eastward: west of the substellar point the atmosphere
is cooler than east of it (Showman & Guillot 2002; Knutson
et al. 2007). Different gases are expected to condense at dif-
ferent locations on the planet, leading to a possibly complex,
inhomegeneous and asymmetric cloud distribution (see Fig-
ure 1).
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FIG. 1.— Pressure temperature profiles from our fiducial model for a planet
with Teq = 1900K (grey: profiles at all latitudes and longitudes, light green:
profiles at the limb west of the substellar point, dark green: profiles at the
limb east of the substellar point, blue: profiles at less than 20◦ of the antis-
tellar point, red: profiles at less than 20◦ of the substellar point). The con-
densation curves of several important species are plotted as dashed lines. At
a given pressure, if the temperature is cooler than the condensation tempera-
ture, we consider the atmosphere cloudy. For pressures lower than Ptop, we
assume that clouds are not present, with this cloud top pressure used as a free
parameter.
The horizontal structure of the atmosphere can be probed
by monitoring the light received from the planet as a function
of time. Planetary phase curves are the sum of two contribu-
tions: the thermal emission from the planet and the reflected
stellar light. The thermal contribution is directly linked to
the horizontal temperature variations: the atmosphere emits
more light where it is hotter. Hot Jupiters with their eastward
shift of the temperature maximum have thermal lightcurves
peaking before secondary eclipse (a positive offset). The re-
flected component provides information on the cloud distri-
bution on the dayside of the planet. Abundant clouds in the
coldest part of the dayside atmosphere, west of the substel-
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lar point, would lead to a reflected lightcurve that peaks after
secondary eclipse (a negative offset) (see Figure 2). The rela-
tive roles of emission and reflection depend both on the planet
temperature and the observation bandpass. The Spitzer Space
Telescope observed the emission-dominated phase curve of
several hot Jupiters and confirmed the expected eastward shift
of the temperature distribution for a large range of equilibrium
temperatures (see Crossfield 2015, for a review).
Recently, shifts in the phase curve of several hot Jupiter sys-
tems have been observed in the optical (from 400 to 900µm)
by the Kepler spacecraft (e.g. Demory et al. 2013). For
the coolest four planets, the lightcurve peaks after secondary
eclipse whereas for the hottest two the lightcurve peaks be-
fore secondary eclipse, providing the first correlation between
equilibrium temperature and cloud coverage for hot Jupiter at-
mospheres (Esteves et al. 2015; Shporer & Hu 2015; Anger-
hausen et al. 2015). Importantly, this trend does not depend
on the method used to analyze the data, the number of Ke-
pler quarters available or the choice of stellar parameters (see
Figure 3). In this paper we choose the values published by Es-
teves et al. (2015) but our main conclusions are unaffected by
this choice.
In order to understand this correlation we calculate a-
priori the thermal structure of a range of cloudless, solar-
composition hot Jupiter atmospheres with different equilib-
rium temperatures using the three-dimensional global circu-
lation model SPARC/MITgcm (Showman et al. 2009). We
then use this thermal structure to determine the longitudinal
and latitudinal distribution of clouds in each modeled planet.
We assume local equilibrium clouds, meaning that in a given
atmospheric cell, all the condensable material condenses until
the partial pressure of the remaining gas matches the satura-
tion pressure (see Figure 1). We do not calculate the dynam-
ical mixing of the clouds as done in Parmentier et al. (2013)
nor calculate the particle size distribution as done in Acker-
man & Marley (2001). Instead, we parametrize the vertical
mixing and the microphysics by a cloud top pressure below
which clouds do not form, and a particle size, both consid-
ered as free parameters. Lastly, given the thermal structure
and the cloud structure, we model both the thermal and the
scattered light from the planet, calculate the phase curve in
the Kepler bandpass, and compare it to the observations.
Unlike previous work (Demory et al. 2013; Hu et al. 2015;
Webber et al. 2015; Shporer & Hu 2015; Munoz & Isaak
2015) that aimed to fit ad-hoc cloud models to the Kepler
lightcurves by treating the condensation curve of the cloud,
the thermal structure of the planet, or the optical properties
of the clouds as free parameters, we calculate a-priori the 3D
thermal structure and use the condensation temperature and
cloud optical properties from known potential condensates
to constrain the cloud physical properties and composition.
Our work is also different from Oreshenko et al. (2016) who
also compared the temperature map from a global circulation
model to the condensation curve of different cloud species.
We aim to for a more detailed calculation of observable sig-
natures, and a much wider comparison to observations. Our
global circulation model uses the full gaseous opacities and
not a double-grey framework. We make no assumptions on
the global mixing of the clouds in the planet, and further-
more we use the opacity specific to each cloud species to cal-
culate the phase curves and we compare our models to all
known shifted Kepler lightcurves, whereas these authors fo-
cused on Kepler-7b. As a result we are able to draw con-
clusions that Oreshenko et al. (2016) could not, within their
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FIG. 2.— Phase curves from our fiducial model for a planet with Teq =
1900K in the Kepler bandpass (black) with the contributions from thermal
emission (red) and reflected light (blue). The flux from the planet’s visible
hemisphere at several phases is also depicted. Secondary eclipse happens at
phase 0 and transit at phase ±180. This is for silicate clouds with a= 0.1µm
and ptop = 1µbar.
study.
Section 2 of this paper describes our suite of models. In
Section 3 we consider models with only one cloud species
and show that for a given planet, the offset in the Kepler
lightcurve is determined primarily by the condensation curve
of the cloud species rather than the particle size or the ver-
tical mixing. In Section 4, we show that a model where all
cloud species are present cannot reproduce the current dataset.
We build a physically motivated model where cloud species
are removed from the atmosphere when the cloud deck is in
the deep atmosphere. This model reproduces simultaneously
the albedo and the phase offset of currently observed planets.
It implies the disappearance of silicate clouds at equilibrium
temperatures lower than 1600K. Finally, we show the cloudi-
ness predicted by our models on the dayside, at the limb and
on the nightside of hot Jupiters and discuss the implications
for the interpretation of transmission and emission spectra.
2. MODELING APPROACH
2.1. Global circulation model
To calculate the thermal structure of the planet we solve
the global, three-dimensional primitive equations in spherical
geometry using the MITgcm, a general circulation model for
atmosphere and oceans developed and maintained at the Mas-
sachusetts Institute of Technology. We discretize the equa-
tions on the cubed-sphere grid as described in Adcroft et al.
(2004) and use a horizontal fourth-order Shapiro filter in or-
der to smooth horizontal noise (Shapiro 1970). This model
has been successfully used to model hot Jupiters atmospheres
over the last decade (e.g. Showman et al. 2009, 2013, 2015;
Lewis et al. 2010, 2014; Parmentier et al. 2013; Kataria et al.
2013, 2015).
We consider Jupiter-sized, tidally locked planets orbiting
a solar-type star so that the equilibrium temperature sets the
distance and the rotation period of the planet. We use a grav-
ity of 10ms−2. The equation of state is ideal gas. We fix
cp = 1.3× 104 Jkg−1 K−1 and use κ = 2/7, appropriate to
a predominantly hydrogen atmosphere. The pressure ranges
from 200bar to 2µbar over 53 levels so that we have a reso-
lution of almost 3 levels per scale height. We use a horizontal
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FIG. 3.— Phase shift of the maximum of the Kepler lightcurve relative to
the secondary eclipse (top) and apparent geometric albedo of the planet in
the Kepler bandpass (bottom) as a function of the equilibrium temperature
of the planet. The apparent geometric albedo includes the contribution from
both the thermal and the reflected light. Different colors are analyses from
different authors. Purple circles are the data from Esteves et al. (2015) – used
in this study –, green squares are from Angerhausen et al. (2015), blue trian-
gles are from Shporer & Hu (2015) and orange diamonds are from Heng &
Demory (2013). Kepler-43b was removed from the analysis as it is doubtful
whether the signal is of planetary origin or due to stellar activity (Esteves
et al. 2015)
resolution of C32, equivalent to an approximate resolution of
128 cells in longitude and 64 in latitude and a timestep of 25
seconds. We initialize the model at rest with a temperature
profile from the analytical model of Parmentier et al. (2015)
that uses the analytical expression of Parmentier & Guillot
(2014) fitted to represent the global average temperature pro-
file of solar-composition atmospheres without TiO/VO (Fort-
ney et al. 2007). The simulations all run for 150 earth days, a
length over which the observable atmosphere have reached a
quasi steady-state (Showman et al. 2009). Then the first hun-
dred days of the simulation are discarded and the PT profiles
are averaged over the last 50 days of simulation.
Titanium and vanadium oxides are trace species that have
a dramatic effect on the thermal equilibrium of planetary at-
mospheres. Despite several attempts to search for TiO and
VO in hot Jupiters atmospheres (Désert et al. 2009; Sing et al.
2013) weak evidence of its presence has been found only in
the hottest known planet (Haynes et al. 2015). In our fiducial
model we considered that TiO and VO have been removed
from the atmosphere. The effect of adding TiO/VO opaci-
ties in the calculations is investigated in more detail in Sec-
tion 3.2.2.
Clouds are expected to have a strong and complex influ-
ence in the atmospheric circulation, however given the large
number of possible cloud species, their unknown particle size
distribution and spatial distribution, a thorough examination
of the cloud feedback in the circulation is beyond the scope of
this paper. The cloud feedback on the circulation modifies the
thermal structure and thus the cloud distribution itself and the
phase curve shift. However, as demonstrated in Section 3.2.3
for a given cloud setup, this is of second order compared to
the effect of the irradiation and does not affect the conclusions
based on our cloudless global circulation models.
2.2. Radiative transfer model
Radiative transfer is handled both in the 3D simulations and
during the post-processing using the plane-parallel radiative
transfer code of Marley & McKay (1999). The code was
first developed for Titan’s atmosphere (McKay et al. 1989)
and since then has been extensively used for the study of gi-
ant planets (Marley et al. 1996), brown dwarfs (Marley et al.
2002; Burrows et al. 1997), and hot Jupiters (Fortney et al.
2005, 2008; Showman et al. 2009). We use the opacities de-
scribed in Freedman et al. (2008), including more recent up-
dates (Freedman et al. 2014), and the molecular abundances
described by Lodders & Fegley (2002) and Visscher et al.
(2006).
The version of the code we employ solves the radiative
transfer equation in the two-stream approximation using the
delta-discrete ordinates method of Toon et al. (1989) for the
incident stellar radiation and the two-stream source function
method, also of Toon et al. (1989), for the thermal radiative
transfer. Molecular and atomic opacities are treated using the
correlated-k method (Goody & Yung 1989): the spectral di-
mension is divided into a number of bins and within each
bin the information of typically 10,000 to 100,000 frequency
points is compressed inside a single cumulative distribution
function that is then interpolated using 8 k-coefficients. For
the gas, Rayleigh scattering is taken into account in the calcu-
lation. For the clouds, the absorption opacity, the single scat-
tering albedo and the asymmetry parameter are determined
with the Mie theory (see Section 2.3).
To calculate the phase curves we solve the two-stream ra-
diative transfer equations along the line of sight for each at-
mospheric column and for each planetary phase considering
both absorption, emission and scattering. This method, sim-
ilar to the calculation of Fortney et al. (2006) naturally takes
into account geometrical effects such as limb darkening. The
stellar flux is assumed to be a collimated flux propagating in
each atmospheric column with an angle equal to the angle be-
tween the local vertical and the direction of the star. We use
196 frequency bins ranging from 0.26 to 300µm and integrate
the resulting outgoing flux over the Kepler bandpass.
When coupled to the GCM, the radiative transfer model
runs over 11 frequency bins that have been carefully chosen to
maximize the accuracy and the speed of the calculation, fur-
ther details are available in Showman et al. (2009), Parmentier
et al. (2013) and Kataria et al. (2013).
A particular problem appears in the post-processing, when
we want to calculate the flux emerging from the planet to-
ward the line of sight within the two-stream approximation.
Here we use the two-stream model to compute easily a large
number of lightcurve for a given thermal structure. The two-
stream model solves the radiative transfer equations for the
hemispherically averaged radiation field and is unable to pro-
vide information regarding the direction of the radiation es-
caping a given atmospheric column, contrary to more sophis-
4 Parmentier et al.
ticated models (e.g. Cahoy et al. 2010; Webber et al. 2015).
We assume that the radiation escapes isotropically from the
top of each atmospheric column. Asymmetric scattering,
however, is considered while solving the two-stream equa-
tions and can produce an asymmetric outgoing radiation field.
In order to test the validity of the isotropic assumption we use
a set of idealized atmospheres characterized by their values of
the single scattering albedo ω0 ∈ [0,1] and their asymmetry
parameter g0 ∈ [0,1]. For g0 = 0 the atmosphere scatters the
light isotropically whereas for g0 = 1 the atmosphere scatters
all the photons it received in the forward direction.
In Figure 4 we compare our calculation of the geometric
albedo calculated with the analytical solution of Madhusud-
han & Burrows (2012). Our two-stream scheme with the as-
sumption of isotropic outgoing radiation reproduces well the
analytical solution in the small and medium g0 cases but un-
derestimates the albedo in the very forward scattering case
(g0 = 0.9). Such a break down for highly forward scattering
atmosphere is expected since high values of g0 leads to very
non-isotropic outgoing flux. The cloud models used in this
study have values of the asymmetry parameter close to 0.5 in
the Kepler bandpass and are therefore properly represented by
our radiative transfer scheme.
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FIG. 4.— Planet geometric albedo as a function of single-scattering albedo
for different asymmetry parameters as calculated by our idealized model
(plain lines) and with the analytical solution of Madhusudhan & Burrows
(2012) (dashed lines).
2.3. Cloud model
Numerous condensates can potentially form in the range
of temperatures spanned by the the atmospheres of hot
Jupiters (Burrows & Sharp 1999). There is debate, how-
ever, about which condensates will actually form. Numer-
ous mechanisms can promote or inhibit the formation of a
given cloud species, leading to a final condensate composi-
tion that is not the one predicted by thermochemical equilib-
rium calculations (see Helling et al. 2008; Marley et al. 2013,
for reviews). Two main approaches have been used to deter-
mine which condensates form in substellar atmospheres. In
the equilibrium cloud approach it is assumed that the change
of the physical properties of a parcel of gas advected around
the planet is slow compared to the condensation timescale.
When a parcel of gas is transported from a hot to a cold part
of the atmosphere, the most refractory condensates, such as
MgSiO3 form first, depleting the gas in cloud forming ele-
ments such as Si. When the temperature drops low enough,
more volatile compounds such as SiO2 are unable to form
since the surrounding gas is depleted in Si (e.g. Visscher et al.
2010). If the opposite is assumed, i.e. if the parcels of gas are
supposed to move faster than the growing of the grains, then
all condensates form at the same time, leading to a prevalence
of more volatile compounds such as SiO2 (e.g. Helling et al.
2008).
Here we use the equilibrium cloud framework. In this ap-
proach, only a handful of condensates have high enough abun-
dances and opacities to form optically thick clouds in solar
composition atmospheres (Marley 2000; Morley et al. 2012).
We consider the effect of CaTiO3 (perovskite), Al2O3 (corun-
dum), Fe (iron), MgSiO3 (enstatite), Cr (chromium), MnS
(manganese sulfide) and Na2S (sodium sulfide). Given that
the optical properties and condensation curves of MgSiO3 and
Mg2SiO4 are very similar (Wakeford & Sing 2015) we use
MgSiO3 as a representation of both types of silicate clouds.
Other condensates such as KCl, ZnS, H2O form at lower tem-
peratures and are never present in the dayside of our mod-
els. Therefore they cannot affect the Kepler lightcurve of the
planet and are neglected in this study. When several cloud
species are present, clouds of different compositions are con-
sidered independent. The scattering and absorption optical
depths are summed and the asymmetry parameters are aver-
aged using the scattering optical depth of each gas as a weight-
ing function.
We consider monosize particle clouds: all condensable
cloud material condenses into particles of size a5. We assume
that the cloud is efficiently mixed between the cloud deck and
the cloud top pressure ptop. When a condensable species is
present, its atomic abundances are constant and set by the ini-
tial condition, assumed solar. Inside a grid cell the number
of atoms in condensed form is determined such that the the
partial pressure of the remaining gas is equal to the saturation
pressure. At pressures lower than the cloud top level ptop,
the atmosphere is set to be devoid of clouds. The cloud top
level and the particle size are free parameters that parametrize
the vertical mixing and the microphysics respectively. For
our fiducial model we choose the values of a = 0.1µm and
ptop = 1µbar, leading to the strongest signature of clouds.
Our main conclusions are independent of this choice (see Sec-
tion 3.2.1).
3. COMPARISON WITH THE DATA: MODELS WITH A
SINGLE CLOUD SPECIES
3.1. Kepler phase curves as a probe of the cloud
composition
3.1.1. Thermal structure and outgoing flux
We run the SPARC/MITgcm to calculate the three-
dimensional thermal structure of Jupiter-size, solar-
composition, tidally locked planets orbiting a solar-type
star with an equilibrium temperature ranging from 1000K
to 2200K with a step of 100K and show the resulting
temperature maps in the first row of Figure 5.
Two trends emerge from these temperature maps. First, the
5 We actually use a narrow log-normal distribution with a width of σ =
1.05 around the mean particle size in order to smooth the Mie bumps in the
opacities.
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FIG. 5.— Temperature and outgoing flux from the dayside of hot Jupiters with different equilibrium temperatures. The first row shows the temperature at
10mbar as calculated by our global circulation model. The following rows show the total flux (emitted + reflected) from the dayside hemisphere of the planet
in the spectral range observed by the Kepler spacecraft in units of σT 4eq. The second row is a model without clouds whereas in the subsequent rows one cloud
species is condensing. We use Ptop = 1µbar and a= 0.1µm.
temperature variation across the dayside increases with the
equilibrium temperature, as does the day/night temperature
contrast (Perna et al. 2012; Perez-Becker & Showman 2013;
Komacek & Showman 2016). As a consequence, when the
equilibrium temperature is multiplied by a factor of 2.2, the
maximum temperature of the dayside at 10mbar increases by
a factor 3 while the minimum temperature of the dayside in-
creases by only a factor 1.5, with the western limb being the
coolest part of the dayside. The second important trend is the
asymmetry in temperature in the dayside: the hottest hemi-
sphere is not centered on the substellar point but is shifted
eastward and this shift decreases when increasing the equilib-
rium temperature: the time needed for a parcel of gas to reach
radiative equilibrium is inversely proportional to the temper-
ature to the third power (Showman & Guillot 2002), mean-
ing that hotter planets have a dayside temperature distribution
closer to the radiative equilibrium and thus more symmetrical.
The second row of Figure 5 shows the flux from the dayside
of the planet in the Kepler bandpass for cloudless planets. In
that case scattering by the gas is small compared to the ab-
sorption by alkali atoms (Sudarsky et al. 2000) and the ther-
mal contribution to the lightcurve is always dominant. The
flux map therefore tracks the temperature map. At low equi-
librium temperature, the planet is too cold to radiate in the Ke-
pler bandpass. As the equilibrium temperature increases, the
thermal emission becomes significant because the gas emits
more light and emits it at shorter wavelengths that overlap
with the Kepler bandpass.
The last four rows of Figure 5 show the flux from the day-
side of the planet in the Kepler bandpass assuming that dif-
ferent types of clouds are present in the atmosphere. In that
case scattering is important at low temperature whereas ther-
mal emission dominates at high temperatures. The appear-
ance of the planet’s dayside always follows the same trend:
clouds cover the whole dayside at low equilibrium tempera-
tures then disappear from the eastern part of the dayside when
the temperature becomes too hot and finally are pushed to-
ward the western limb where they remain even at large equi-
librium temperatures. The equilibrium temperature at which
the transition from a fully cloudy to a partially cloudy planet
happens is a strong function of the condensation temperature
of each species (see also Figure 17 in appendix).
3.1.2. Cloud composition
We use the flux maps of Figure 5 to model the planetary
lightcurves in the Kepler bandpass. From these lightcurves we
extract the offset of the maximum compared to the secondary
eclipse and the apparent geometric albedo of the planet’s day-
side. Both quantities are plotted in Figure 6 together with the
Kepler data from Esteves et al. (2015).
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FIG. 6 Offset of the maximum of the Kepler
lightcurve compared to the phase of the secondary
eclipse (top) and apparent geometric albedo of the
dayside hemisphere (bottom). Each line represents
either a model without clouds or a model with a
single cloud species. The cloud particle size is as-
sumed to be 0.1µm and the cloud top pressure is
1µbar. The data is from Esteves et al. (2015), black
points have measured shift whereas grey points
only have an albedo measurement.
For cloudless planets, the flux map follows the tempera-
ture map and, because the temperature map is always shifted
eastward, the offset in the Kepler lightcurve is always posi-
tive. The magnitude of the shift in the Kepler lightcurve is
determined by two competitive physical processes: the tem-
perature contrast and the shift of the hottest point eastward of
the substellar point. While the temperature contrast increases
with equilibrium temperature, the eastward shift of the hot
spot decreases. At these temperatures, the hotter the gas, the
greater the emission in the Kepler bandpass. Therefore an in-
crease in the temperature contrast leads to an increase in the
shift of the maximum of the Kepler lightcurve. On the con-
trary, a smaller shift of the hottest point leads to a smaller shift
of the maximum of the lightcurve. For equilibrium tempera-
tures smaller than 1900K the effect of the flux contrast dom-
inates and the shift of the maximum of the Kepler lightcurve
increases with equilibrium temperatures. For hotter planets,
the effect of the shift of the hot spot dominates and the shift
of the maximum of the Kepler lightcurve decreases with equi-
librium temperatures.
For cloudy planets, the offset in the Kepler lightcurve is al-
ways zero at low equilibrium temperatures, when the planet
is homogeneously covered by clouds. It reaches a minimum
when inhomogeneous clouds are present and becomes posi-
tive at high temperatures when the thermal emission domi-
nates the flux. The equilibrium temperature for which there is
a shift depends weakly on the physical properties of the cloud,
such as particle size and vertical extent (see Section 3.2.1),
and is therefore a good signature of the cloud composition.
The bottom panel of Figure 6 shows the apparent geometric
albedo in the Kepler bandpass. Here we use the word "ap-
parent" as it is calculated directly from the planets’ secondary
eclipse depth: it is the ratio of the flux received by the planet
from the star to the total outgoing flux leaving the planet in
our direction. The apparent albedo is determined both by
the reflectivity of the atmosphere and by the thermal emis-
sion of the planet in the Kepler bandpass. For cloudless plan-
ets the apparent geometric albedo increases with equilibrium
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temperatures because more photons are emitted in the Kepler
bandpass when the planet gets hotter. For cloudy planets, the
albedo follows the same curve as for the cloudless planet at
high equilibrium temperatures, when the planet’s dayside is
too hot for clouds to form. When the equilibrium temperature
decreases, the albedo increases as the cloud cover in the day-
side increases. When the planet is cold enough to be homo-
geneously covered by clouds, the apparent geometric albedo
reaches a plateau, the value of this plateau being determined
by the abundance and the scattering properties of the conden-
sates.
By comparing the maps of Figure 5 and the two panels of
Figure 6, we see that large phase shifts in the Kepler phase
curves appear for planets that only possess a longitudinally
narrow layer of cloud near the western terminator (see the
case of MnS clouds with Teq = 1500K) or for planets that
have half their dayside covered by clouds (see the case of sil-
icates clouds with Teq = 1700K). This corresponds to planets
with low to moderate albedos. Planets with large geometric
albedos must be entirely covered by clouds and thus we do
not expect them to have a significant shift in their phasecurve.
Few cloud species have a single scattering albedo large
enought to produce a large shift in the Kepler lightcurve.
Perovskite clouds, silicate clouds, manganese sulfide clouds
or sodium sulfide clouds have a single scattering albedo
larger than 0.95 and can produce a large offset in the Ke-
pler lightcurve. Corundum clouds (w0 ≈ 0.88), iron clouds
(w0 ≈ 0.67) and chromium clouds (w0 ≈ 0.67) have smaller
albedos, leading to darker clouds and a smaller phase shift in
the Kepler bandpass.
The integrated vertical optical depth of our cloud species
(see Figure 17 in appendix) are several orders of magni-
tudes larger than shown in the brown dwarf literature. This
is expected as the cloud optical depth at a given pressure
level is inversely proportional to the gravity of the object and
hot Jupiters have gravities ≈ 100 times smaller than brown
dwarfs (see Marley 2000). As a consequence, clouds that are
believed to be optically thin or barely optically thick in brown
dwarfs atmospheres, such as perovskite clouds, chromium
clouds or sulfide clouds (see Morley et al. 2012) can play an
important role in hot Jupiters atmospheres.
As shown in Figure 6, models with silicate or manganese
sulfide clouds can match the albedo and phase shift of Kepler-
7b and Kepler-8b. Models with silicate clouds are also able to
reproduce the observations of Kepler-41b but predict a zero
phase shift and a large albedo for Kepler-12b, in stark con-
trast with the observations. Conversely, models with man-
ganese sulfide clouds match the observations of Kepler-12b
but are unable to reproduce the large phase shift observed for
Kepler-41b as the planet is too hot for MnS clouds to form
in its dayside. Models with perovskite clouds can also repro-
duce the phase shift of Kepler-41b, but predict a larger than
observed albedo.
For the hotter planets Kepler-76b and HAT-P-7b, models
with perovskite clouds or corundum clouds provide the best
match to the observations, although the models predict higher
positive phase shifts and lower apparent geometric albedos
than observed.
Physical mechanisms not taken into account in our fiducial
set of simulations can explain this discrepancy. The presence
of titanium dioxide in the atmosphere of high equilibrium
temperature can enhanced the dayside temperatures and low-
ering the thermal inertia of the atmosphere, leading to higher
apparent albedos and smaller shifts in the lightcurves (see
Sec. 3.2.2). The presence of magnetic drag for high equilib-
rium temperature planets (e.g. Perna et al. 2010; Rauscher &
Menou 2013; Batygin et al. 2013; Rogers & Showman 2014;
Rogers & Komacek 2014) could reduce the speed of the east-
ward jet, leading to a decrease of the observed shift and an
increase of the apparent albedo.
We do not find a model with a single cloud species that
is able to match all current observations. Models with man-
ganese sulfide clouds provide our best match for the coolest
planets but cannot reproduce the observations of hotter plan-
ets. Conversely, silicate clouds seem necessary to match the
observations of the planets with intermediate equilibrium tem-
peratures but fail when they are used to interpret the data from
the coolest planet. Finally, both cloud species seem unable to
reproduce the observations of the hottest planets, while per-
ovskite or corundum clouds provide a solution closer to the
observations.
3.2. Model sensitivity to parameters and assumptions
3.2.1. Particle size and cloud top level
The particle size and vertical distribution of clouds in hot
Jupiters is poorly constrained. From the slope of the optical
transmission spectrum, the maximum particle size at the limb
appears to be sub-micron for several planets (Lecavelier Des
Etangs et al. 2008; Sing et al. 2013), yet it is unclear how
this constraint can translate to the dayside at the higher pres-
sures probed by the phasecurve method. From complex mi-
crophysical models the cloud particle size and vertical distri-
bution can be calculated a priori at any location of the planet.
These microphysical models, however, appear very sensitive
to the temperature and vertical mixing (Lee et al. 2015), mak-
ing the predictions for a given planet difficult to generalize
when studying planets over a range of equilibrium tempera-
tures. Here we explore the sensitivity of our conclusions to the
particle size and vertical mixing for the most important cloud
species in our model MnS, MgSiO3, Al2O3 and CaTiO3.
We vary the particle size from 0.01µm to 100µm. As seen
in Figure 7, the phase curves for 0.01µm and 100µm are sim-
ilar to the cloudless phase curves. For small particle sizes,
in the Rayleigh regime, particle opacities are proportional to
the radius of the particle to the power of 6 whereas their total
number inside the cloud is proportional to the particle size to
the power -3. Therefore we expect the clouds to become trans-
parent at small particle sizes. For the large particle sizes, in
the geometric optics limit, particle opacities become propor-
tional to the radius of the particle to the power of 2 and the par-
ticles become less reflective due to the increased importance
of forward scattering (Cuzzi et al. 2014). As a consequence,
clouds become poor reflectors at large particle sizes (note that
absorption can remain important). We find that an optimal
particle size of 0.1µm produces the largest shift in the Ke-
pler lightcurve and the largest apparent albedo in the Kepler
bandpass. Changing the particle size affects the magnitude of
the shift of the lightcurve but does not affect the equilibrium
temperature for which this shift happens since this is given di-
rectly by the thermal structure and the condensation curve of
each species.
Although theoretical work has tried to understand the mix-
ing processes in the radiative atmosphere of hot Jupiters (Par-
mentier et al. 2013), no observations have yet been able to
constrain the mixing rates in these planets. Whereas the pres-
sure of the cloud base is determined by the condensation
curve, the vertical extent of the cloud and thus the cloud top
8 Parmentier et al.
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FIG. 7.— Phase shift of the maximum of the Kepler lightcurve relative to the secondary eclipse for cloudless and cloudy models with different cloud particle
size and different cloud top pressure assuming equilibrium clouds made of MnS (left panel), MgSiO3 (middle left panel), Al2O3 (middle right panel) or CaTiO3
(right panel).
pressure is determined by the strength of the vertical mixing.
Here we vary the cloud top pressure from 1µbar to 100mbar.
As seen in Figure 7 there is almost no sensitivity to the cloud
top pressure between Ptop = 1µbar and Ptop = 10mbar: the
clouds above the 10mbar level are not abundant enough to be-
come optically thick and the photosphere is unchanged when
varying Ptop. When Ptop reaches 100mbar, the photosphere is
at a deeper level, where the atmosphere is hotter. The cloud
distribution at the photosphere is therefore changed and the
offset curve shifts to lower equilibrium temperatures. For
larger Ptop the cloud top is below the photosphere and the
phase curve is similar to the cloudless case.
As a conclusion, silicate, manganese sulfide and perovskite
clouds produce a significant shift in the Kepler phase curve
for particle sizes of 0.1µm to 10µm and cloud top pressure
from 1µbar to 100mbar. Corundum clouds only affect the
observations for particle sizes of 0.1µm and are transparent
for other particle sizes. Finally, by varying the particle size by
four orders of magnitude and varying the cloud top pressure
by six orders of magnitude there is no model with a single
cloud species that can match all current Kepler phasecurve
shifts and albedos.
3.2.2. The case of gaseous TiO
If present in solar abundance in irradiated atmospheres, ti-
tanium and vanadium oxides should produce a strong thermal
inversion by absorbing a significant amount of the stellar light
in the upper atmosphere and by impeding the thermal cooling
of the atmosphere (Hubeny et al. 2003; Fortney et al. 2008;
Showman et al. 2009; Parmentier et al. 2015). To date, the
signature of TiO has been found in the two of the hottest ex-
oplanets (Haynes et al. 2015; Evans et al. 2016) but no con-
vincing evidence has been found for cooler ones (Désert et al.
2008; Huitson et al. 2013). Given the strong change in the
radiative forcing expected from this molecule, we calculated
a set of global circulation models incorporating TiO in solar
composition.
For the cloudless case, at low equilibrium temperatures, the
offset of the Kepler phase curve is negative rather than posi-
tive as in the case without TiO/VO. At these low equilibrium
temperatures, the lightcurve is dominated by Rayleigh scatter-
ing from the gas. On the east of the dayside, where the tem-
peratures are hotter due to the eastward shift of the hot spot
the presence of TiO/VO increases the absorption of the stellar
light and reduces the reflectivity of the atmosphere, leading to
a negative shift in the lightcurve. At large equilibrium tem-
perature, the offset of the Kepler phase curve is smaller than
in the case without TiO/VO. In the models with TiO/VO, the
stellar flux is absorbed at lower pressures, where the radiative
timescale is small. As a consequence the eastward shift of the
hot spot is smaller in the case with TiO/VO (Fortney et al.
2008; Showman et al. 2009), leading to a smaller shift in the
Kepler lightcurve.
For the cloudy cases, the shifts are smaller than in the case
without TiO and are present at lower temperatures: the pres-
ence of TiO maintains a higher temperature contrast on the
dayside but a smaller eastward shift of the temperatures. As a
result, asymmetric cloud distributions are more common, but
this asymmetry is smaller. Interestingly, the shifts produced
by silicate and perovskite clouds are very similar, although the
condensation curve of the two materials are differ by≈ 200K.
Models with TiO have a sharper temperature contrast, mean-
ing that clouds with different condensation temperatures can
have a similar horizontal distribution and thus produce a sim-
Transitions in the cloud composition of hot Jupiters 9
ilar phase shift in the light curve.
Whereas the presence of perovskite clouds is a possible ex-
planation for the high shift in the Kepler lightcurve of Kepler-
41b when gaseous TiO is not used to calculate the atmospheric
opacities, it is no more a good explanation when the opacity of
gaseous gaseous TiO is used in the calculation. If perovskite
clouds were present in enough quantity to produce an impor-
tant shift in the Kepler lightcurve, it should also be present in
enough quantity for gaseous TiO to be an important absorber
in the cloudless part of the atmosphere. As a consequence,
perovskite clouds seem a less likely candidate to explain the
offset of Kepler-41b than silicate clouds.
Overall, the models with gaseous TiO can possibly explain
the low positive shifts and large apparent albedos observed
for the two hot planets Kepler-76b and HAT-P-7b without in-
voking the presence of clouds. For the cooler planets, how-
ever, the models with TiO provide a worse match to the data,
pointing toward a lack of TiO in cool planets, in agreement
with current observations. The cold trapping of TiO in the
deep layers planets with an equilibrium temperatures lower
than ≈ 1900K, when the deep temperature contrast crosses
the condensation curve of TiO as predicted by our models
(see Section 4 and Appendix), provides a natural explanation
for the lack of observed signatures in cool planets (see also
Spiegel et al. 2009).
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FIG. 8.— Phase shift of the maximum of the Kepler lightcurve relative to
the secondary eclipse (top) and apparent geometric albedo of the planet in
the Kepler bandpass (bottom) for cloudless and cloudy planets with enstatite
clouds. Plain lines models are our fiducial models, without TiO. Dashed line
are models where TiO has been added in equilibrium abundances both in the
GCM and in the post-processing calculations.
3.2.3. Cloud feedback
Clouds can significantly affect atmospheric opacities and
thus the atmospheric circulation and the thermal structure of
irradiated planets. Our fiducial models, however, do not con-
sider this feedback: we use a cloudless global circulation
model to determine the distribution of clouds on the planet
and calculate the lightcurve. This allows us to estimate the
shift in the Kepler phase curve for a large number of cloud
species, particle sizes and cloud top pressures without the cost
of running a computationally demanding global circulation
model for each cloud scenario.
In order to estimate the importance of the cloud feedback on
the circulation, we calculated a new set of global circulation
models including the same cloud setup as described in Sec-
tion 2.3. The spatial distribution of clouds is determined by
comparing the condensation curve of a given species and the
thermal structure of the planet. Both absorption and scattering
by the clouds are taken into account by the GCM, leading to
a self-consistent, cloudy, global circulation model. For sim-
plicity we do not use trace particles advected by the flow as
in Charnay et al. (2015) to represent the mixing of the cloud
particles by the circulation. Instead we use a similar approxi-
mation as in the previous section where the cloud abundance
is determined based on the local pressure and temperature : all
condensable material condenses into particles of size a so that
the remaining partial pressure of the condensable gas matches
its saturation pressure. At pressures lower than Ptop, the atmo-
sphere is set to be devoid of clouds.
We consider the case of MnS clouds assuming a cloud top
pressure of 1µbar and a particle size of 0.1µm, leading to the
strongest possible forcing due to MnS clouds. Clouds have
two main effects: they increase the scattering at short wave-
lengths, increasing the albedo of the planet leading to an over-
all reduction of the temperatures. They also increase the scat-
tering and absorption in the thermal wavelengths, leading to
a larger greenhouse effect and thus to higher temperatures.
When the dayside has a mainly clear sky but the nightside
is covered by clouds the greenhouse effect is dominant. The
same amount of radiation penetrates into the atmosphere on
the dayside whereas the radiative cooling on the nightside is
reduced. As a consequence, the temperature of the whole at-
mosphere increases, leading to a hotter dayside. At a given
equilibrium temperature, the cloud coverage of the dayside
is smaller in a model with cloud feedback than in a model
without it. As seen in Figure 10, the result is a displace-
ment of the offset and albedo vs. equilibrium temperature
curves by ≈ 100K towards lower equilibrium temperatures.
For the planets that have a mostly clear dayside and a cloudy
nightside, for which an offset in the Kepler lightcurve can be
measured, we show that the cloud feedback is of second or-
der on the circulation compared to the effect of the irradia-
tion, leading to a small change in the estimated phase off-
set and albedo of the planet. When the planet is fully cov-
ered by clouds, the effect on the atmospheric circulation can
be larger (see e.g. Dobbs-Dixon & Agol (2013) and Char-
nay et al. (2015)). However, when clouds are homogeneously
covering the planet dayside, the phase offset must be zero and
the albedo rather independent on the circulation. As a conse-
quence, our conclusions based on the cloudless temperature
map remain valid.
3.2.4. Metallicity
10 Parmentier et al.
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FIG. 9.— Phase shift of the maximum of the Kepler lightcurve relative to
the secondary eclipse for self consistent global circulation models (red line)
and for models where the cloud feedback on the circulation is not taken into
account (green line).
Our previous models assumed a solar-composition for the
planet’s atmospheres. However, planets are expected to be
enriched in metals compared to their parent-star. In our solar-
system, the metal enrichment is correlated with the planetary
mass, the lightest planets being the most enriched ones. This
trend seems to hold for exoplanets, with a measured metallic-
ity of 0.4−3.5× solar for WASP-43b (Kreidberg et al. 2014).
The planets in our sample have masses ranging from ∼ 0.5
to ∼ 2MJ. Based on the trend described in (Kreidberg et al.
2014), a metal enrichment between ∼ 1− 5× solar seems
plausible.
The metal content of the atmosphere should affect the Ke-
pler lightcurve in several ways. A metal enriched atmosphere
contains more cloud material, enhancing the probability of
having thick clouds. It also contains a larger abundance of
gaseous absorbers such as sodium or potassium, leading to a
darker atmosphere particularly on the cloudless spots.
The metal content of the atmosphere also affects the ther-
mal structure of the planet: in a metal-rich atmosphere the
stellar light is absorbed at lower pressures, leading to a hotter
upper atmosphere and a cooler deep atmosphere. As shown
in Kataria et al. (2015), a metal enrichment of 5× solar should
increase the temperature on the dayside by≈ 100K compared
to a solar composition. This should translate to a shift in the
offset and albedo vs. equilibrium temperature curves of Fig-
ure 6 towards cooler equilibrium temperatures by ≈ 100K.
The layer where the energy is deposited has a shorter radia-
tive timescale in the metal-rich case, because it has a lower
pressure and a higher temperature than in the solar composi-
tion case. Therefore, a smaller eastward shift of the hot spot
is expected, leading to smaller westward shift of the cloudi-
est hemisphere and a smaller shift of the Kepler lightcurve.
Because the radiative timescale is proportional to the temper-
ature to the power of three, the change in the shift of the hot
spot should be larger for the hotter planets.
Another effect of metal enrichment is to shift the conden-
sation curves of condensable species to higher temperatures6.
As shown in Kataria et al. (2015), a metal enrichment of 5×
solar shifts the condensation curve of condensable species
by≈ 100K towards higher temperatures, which should shift
the offset and albedo curves of Figure 6 to higher equilibrium
temperatures by ≈ 100K.
In order to understand the trade-off between these differ-
ent processes, we ran a set of global circulation model with a
five time solar metallicity. We then calculate the lightcurves
assuming the same metal enrichment to determine the opac-
ities, the abundances of cloud-forming material and the con-
densation curves for MnS and MgSiO3 clouds (Morley et al.
2012; Visscher et al. 2010). As shown in Figure 10, for the
cloudless case, the metal-rich atmosphere has a larger shift
and a smaller albedo when the equilibrium temperature is
cooler than ≈ 1800K. The larger temperatures increase the
flux emitted in the Kepler bandpass, leading to a larger flux
contrast in the planet and thus a larger shift. This enhanced
thermal flux is not large enough to compensate for the re-
duced Rayleigh scattering due to a larger number of opti-
cal absorbers and the planet appears darker than in the so-
lar composition case. For planets hotter than Teq ≈ 1800K,
the enhanced thermal emission increases the apparent albedo
whereas the reduced shift of the hot spot reduces the shift of
the lightcurve.
For cloudy planets, the enhanced metallicity do not change
the equilibrium temperatures for which a shift is observed.
This is because in a metal-rich atmosphere both the tempera-
ture and the condensation curves are shifted by≈ 100K. As a
consequence the cloud distribution remain unchanged. When
silicate clouds are present, the lightcurve shifts are predicted
to be smaller than in the solar-composition case. This is due
to the smaller eastward shift of the hot spot. This does not
happen for the manganese sulfide clouds since for cooler plan-
ets, the change in the shift of the hot spot is smaller than in
hotter planets. The higher abundance of cloud material and
the higher abundance of absorbing gas phase molecules com-
pensate so that the apparent albedos in the Kepler bandpass
remain unaffected.
As a conclusion, we find that the metallicity of the atmo-
sphere does not affect significantly the shift of the lightcurve
and the the planet apparent albedo. In particular, an enhanced
metallicity does not allow us to find a model with a single
cloud species explaining all current observations.
4. MODELS WITH SEVERAL CLOUD SPECIES
4.1. Disappearance of silicate clouds: a possible L/T-like
transition
We showed in section 3.1.2 that different cloud composition
are necessary to explain the offsets seen in different planets.
Particularly, we showed that silicate clouds were favored to
6 The condensation curve is the pressure-temperature line for which the
partial pressure of the gas is equal to its saturation pressure. Increasing the
metallicity of the atmosphere increases the partial pressure of the condensing
gas and shifts the condensation curves to higher temperature.
Transitions in the cloud composition of hot Jupiters 11
���
���
���
��
���
���
� � � � � � �
��
���
���
���
���
���
���
����
����
�
���
����
��
���
�����
��
���
�����
��
���
�����
���
���
�����
���
���
�����
���
��
����
����
����
����
����
����
���� ���� ���� ���� ���� ���� ����
� �
����������������
�������������������� ��������������������
FIG. 10.— Phase shift of the maximum of the Kepler lightcurve relative
to the secondary eclipse for models with solar metallicity (plain lines) and
models with a metallicity five times solar (dashed lines).
explain the observations of Kepler-41b whereas manganese
sulfide clouds were necessary to reproduce the small albedo
and large offset of Kepler-12b. We now wonder whether the
presence of both clouds in all planets could explain the data.
We calculate additional models where we assume that both
cloud species form independent clouds and sum the contribu-
tion of each cloud to the extinction and scattering opacities.
When both clouds are present, the offset and the albedo of the
planet follows closely the one of the silicate clouds alone (red
dashed line of Figure 11). Specifically, for equilibrium tem-
peratures lower than 1600K the model predicts a large albedo
and zero shift, in contrast with the observed large phase shift
of Kepler-12b and the low albedo of the three planets ob-
served around an equilibrium temperature of ≈ 1500K.
We now investigate a scenario where silicate clouds rain
out from the observable atmosphere when the deep tempera-
ture profile of the planet (at 10 to 100bar), as predicted by the
GCM, crosses its condensation curve (dotted lines of Figure 1,
see also in Appendix). Although the upper atmosphere of hot
Jupiters is believed to be well mixed by high velocity winds,
the atmosphere is much quieter below the photosphere (Par-
mentier et al. 2013). When the cloud base lies at pressures
of ten to hundreds of bars, the weak vertical mixing in the
10−100bar region prevents the cloud material from reaching
the photosphere, depleting the observable atmosphere both in
the gaseous and the condensed phase of the cloud material.
Given this assumption, silicate clouds are supposed to disap-
pear from the observable atmosphere when the equilibrium
temperature becomes cooler than ≈ 1600− 1700K. As seen
by the plain blue line of Figure 11, a model considering the
presence of such a deep cold trap is able to reproduce cur-
rent observations in the 1400− 1900K equilibrium temper-
ature range. Manganese sulfide clouds dominate the cloud
composition for Teq < 1600K leading to large shifts and low
albedos whereas silicate clouds dominate the cloud composi-
tion for hotter planets.
The current dataset therefore suggests that silicate clouds
are present in planets with an equilibrium temperature larger
than 1600K but that they are not present in cooler planets. Ev-
idence for this transition is given by the large shift observed
for Kepler-12b, the low albedo observed for the three planets
around Teq ≈ 1500K and the lack of high albedo planets in the
1400K−1600K equilibrium temperature range. This transi-
tion is similar to the L/T transition in brown dwarfs (Kirk-
patrick 2005) but happens at slightly higher equilibrium tem-
peratures (≈ 1600K vs. ≈ 1400K)7.
4.2. Presence of a deep cold trap for all cloud species
We now calculate additional models where the seven cloud
species studied in this paper are considered at the same time.
First, we consider the case where all cloud species are present
at all equilibrium temperatures. As shown by the dashed lines
of Figure 12, in that case no significant shift in the lightcurve
should be observed. The reflected flux is dominated by the
most refractory clouds and adding other cloud species does
not affect the overall flux. The most refractory clouds need to
disappear from low-temperature planets in order to produce
an observable phase shift.
We investigate a cold trap scenario where cloud species
rainout from the observable atmosphere when the deep tem-
perature profile of the planet (at 10 to 100bar), as predicted
by the GCM, crosses its condensation curve (dotted lines of
Figure 1, see also the Appendix). In such a cold trap model,
TiO is present in gas phase for Teq > 1900K and rains out of
the atmosphere for lower equilibrium temperatures. We pre-
dict the disappearance of iron and perovskite clouds between
1800K and 1900K, of corundum clouds between 1700K and
1800K, of silicate clouds between 1600K and 1700K, of
chromium clouds between 1500K and 1600K and of man-
ganese sulfide clouds between 1100K 1200K (see the verti-
cal dotted lines of Figure 12). When particles sizes of 0.1µm
are assumed, the cold trap model reproduces well the offset
and albedos of most observed planets. Particularly, the pres-
ence of gaseous TiO in the hottest models allows a better fit
of the positive offset and large apparent albedo of Kepler-76b
and HAT-P-7b. However, when 0.1µm particles are consid-
ered, the model underestimates the offset and overestimates
the albedo of Kepler-41b due to the presence of corundum
clouds.
When a larger particle size is assumed, the effect of corun-
dum clouds is damped (see Sec. 3.2.1), leading to a better fit
of the data over the 1700− 1900K temperature range. As a
drawback, the effect of manganese sulfide clouds is also re-
duced, leading to a smaller than observed shift for Kepler-
12b. As hotter planets have probably larger mixing rates than
7 This can be explained by the presence of a large, quasi-isothermal ra-
diative zone in the ≈ 1−100bar region of hot Jupiters. A convective brown
dwarf and a hot Jupiter of the same equilibrium temperature should have sim-
ilar temperatures where the optical depth reaches unity. At higher pressure,
however, the temperature in the convective zone of a brown dwarf increases
much faster than in the radiative zone of a hot Jupiter. Hot Jupiters are there-
fore cooler than brown dwarfs below the photosphere, making them more
efficient at cold trapping cloud species.
12 Parmentier et al.
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FIG. 11 Offset of the maximum of the Ke-
pler lightcurve (top) and apparent geomet-
ric albedo (bottom) as observed by Esteves
et al. (2015). The dashed red line is a model
where both MnS and MgSiO3 clouds are
considered at the same time. The plain blue
line is a model where the silicate clouds rain
out from the atmosphere in planets cooler
than Teq = 1600K. The particle size is
0.1µm and the cloud top pressure is 1µbar.
cooler ones their clouds might be composed of larger parti-
cles, providing a possible explanation for the remaining dis-
crepancy between our models and the observations.
Several transitions in the cloud composition are predicted
by our cold trap model. The exact equilibrium temperature at
which these transitions happen are determined based on the
deep temperature calculated assuming a solar-composition at-
mosphere in radiative equilibrium. However, given the large
population of inflated hot Jupiters we know that the deep tem-
perature profile is not solely determined by radiative equilib-
rium. Other physical processes, held responsible for the in-
flated nature of these planets, affect the deep temperature pro-
file either by depositing heat directly in the 10-100 bar region
(e.g. ohmic dissipation, mechanical greenhouse effect) and/or
by decreasing the depth of the radiative/convective boundary
(e.g. tidal dissipation) (see Lopez & Fortney 2016, for an
overview). As an example, ohmic dissipation is thought to in-
crease the deep temperature profile by a hundred to a thousand
kelvin depending on the strength of the planetary magnetic
field (Perna et al. 2010; Spiegel & Burrows 2013). The vari-
ation in the strength of these processes from planet to planet
should impact the particular pressure-level of any deep cold
trap, leading to a more blurry transition than shown by the
models of this paper.
In conclusion, the current set of data cannot be reproduced
if all cloud species are present in all planets. The cloud com-
position of hot Jupiter must depend on the equilibrium tem-
perature of the planet. The presence of a cold trap in the
10− 100bar region is a simple, reasonable and physically
motivated explanation that allows us to reproduce all current
observations. Because the presence of this cold trap for a
given cloud species depends on the exact deep temperature
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FIG. 12 Offset of the maximum of the Ke-
pler lightcurve (top) and apparent geomet-
ric albedo (bottom) as observed by Es-
teves et al. (2015). The dashed lines corre-
spond to models where all cloud species are
present at the same time whereas the plain
lines correspond to models where the cloud
and gaseous species present are determined
using the cold trap model. The different col-
ors are models assuming that the clouds are
composed of different particle sizes. The
cloud top pressure is assumed to be 1µbar.
The black vertical short-dashed lines show
the approximate temperatures where vari-
ous condensates are predicted to disappear
from the observable atmosphere due to the
deep cold trap at 10-100 bars.
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profile, the determination of the cloud composition of a given
planet could provide insights on the deep, usually unobserv-
able, thermal structure of the planet.
5. CONSEQUENCES FOR TRANSIT AND SECONDARY
ECLIPSE OBSERVATIONS
Although observations indicate that a continuum from
cloudy to cloudless limbs exist in the current hot Jupiter sam-
ple (Sing et al. 2016), no correlations between the cloudiness
at the limb and planetary parameters such as equilibrium tem-
perature have been found, in contrast with the dayside cloud
coverage discussed in this paper.
We now use our model to determine the expected cloud
fraction on the dayside, at the terminator and in the night-
side with the assumption that only the thermal structure of
the planet influences its cloudiness. An atmospheric column
should be considered cloudy if at the photosphere most of the
optical depth is due to cloud scattering rather than gas absorp-
tion and scattering. As a consequence, an atmospheric column
should reflect more light if it contains clouds than if it does
not. To calculate the cloud coverage we therefore compare
the reflected flux maps described in Section 3.1.1 with the flux
maps obtained for a cloudless atmosphere. For the nightside
case, we calculate additional flux maps by artificially illumi-
nating the nightside of the planet as if it were the dayside8. We
define a particular latitude and longitude point of the planet to
be cloudy when the cloudy model reflects more flux than the
cloudless one.
This method naturally takes into account the condensate
8 Note that the thermal structure used for the calculation is the one calcu-
lated by the global circulation model, assuming a non-illuminated nightside.
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FIG. 13.— Effective cloud coverage on the dayside (left column), at the terminator (middle column) and on the nightside (right column) of our modeled
solar-composition tidally locked planets. The effective cloud coverage is the fraction of the planet covered by clouds optically thick in the Kepler bandpass. We
show the cloud coverage for different cloud species (plain, colored lines) and for the cold trap model of Section 4 (dotted line). In the cold trap model, clouds
of different composition disappear from the atmosphere when the equilibrium temperature is cooler than the following temperature: 1200K (MnS), 1500K (Cr),
1600K (MgSiO3), 1700K (Al2O3) and 1800K (Fe and CaTiO3). We used a particle size of 0.1µm and three different cloud top pressure (rows).
abundance, the condensate opacity in the Kepler bandpass,
and the specific geometry both of the limb measurements and
of the secondary eclipse measurements. Here we consider
clouds formed by 0.1µm size particles for which the scatter-
ing opacity dominates the extinction. Our calculations should
therefore be relevant for the transit observations.
Figure 13 shows the cloud fraction on the dayside, the limb
and the nightside as a function of equilibrium temperature for
different species and different cloud top pressures. The cloud
fraction always increases with decreasing temperature for a
given cloud species, with the more refractory species covering
a larger area of the planet. The cloud coverage depends on the
cloud vertical extent: the higher the cloud extends, the greater
the cloudiness. This effect is of first order for the limb and for
the nightside but only of second order for the dayside cloudi-
ness. This is a consequence of the strong irradiation received
by the planet: it produces a shallower temperature gradient on
the dayside than on the nightside and on the limb (see Figure 1
and Appendix). As a consequence, dayside clouds are more
homogeneous in the vertical direction and thus less sensitive
to a change in the cloud top pressure than nightside and ter-
minator clouds. Note that the cloud coverage provided here
is the area covered by optically thick clouds in the Kepler
bandpass. Although they are indicative of the cloud cover-
age, they depend on the ratio of the cloud scattering opacity
to the gas extinction opacity. At wavelengths where this ratio
is higher we expect a larger cloud coverage whereas at wave-
lengths where this ratio is smaller we expect a smaller cloud
coverage.
For the cold trap model described in Section 4 and shown
as a dotted black line in Figure 13, the cloud coverage is
no longer a monotonic function of the equilibrium tempera-
ture. On the dayside, we expect most planets to be partially
cloudy in agreement with the prediction that most of them
should have a shift in their reflected lightcurve (see sec 4).
We predict a maximum cloudiness on the dayside for planets
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with an equilibrium temperature around 1900K, 1300K and
1000K and a minimum for planets with equilibrium temper-
atures around 1500K and 1100K. Interestingly, the hottest
point of the dayside is almost always cloudless. This is a di-
rect consequence of the irradiation. Irradiated atmospheric
columns have a shallower pressure-temperature profile than
non-irradiated columns (see Appendix). As a consequence,
when the cloud deck hits the ≈ 100bar level, the temperature
in the hot spot is higher than the condensation temperature
from≈ 1−10mbar to 100bar, leading to a cloudless hot spot.
On the limb, the effective cloud coverage is a stronger func-
tion of the cloud vertical extent. Very high clouds (Ptop =
1µbar) obscure the whole limb at any temperature: there is
always a cloud species abundant enough to obscure the whole
limb. When clouds cannot form higher than 1mbar, partial
limb cloud coverage is expected in the 1400−1600K equilib-
rium temperature range, as silicate clouds disappear from the
atmosphere. When clouds do not extend higher than 100mbar
patchy clouds are expected over the limb of the planet for
all planets, with a cloudiness that is of the order or less than
50%. Note that other minor species not considered here might
become important at the limb because of the slant geometry
and increase the cloud optical depth (Fortney 2005). Another
caveat is that the cloud coverage at the limb calculated here
is determined by the temperature at the limb itself which is a
region of small spatial extent where the temperature gradient
is large and where multiple processes might further influence
the thermal structure. Therefore approximations in the global
circulation model (equilibrium chemistry, cloudless opacities,
absence of drag) that affect the dayside structure to a second
order might be of greater importance when determining the
limb temperature.
On the nightside, the cloud coverage is higher than on the
dayside and on the terminator. In most cases the nightside of
the planet is always entirely covered by clouds. Only when
clouds do not extend at pressures lower than 100mbar the
nightside appears partially cloudy.
The cloud coverage calculated here is based solely on the
thermal structure of the planet. Vertical mixing is taken into
account through the cloud top pressure parameter but large
scale, three-dimensional mixing in hot Jupiter can also pro-
duce horizontal variations in the cloud coverage. As an ex-
ample a cloudless equator and cloudy poles are predicted by
Parmentier et al. (2013) for HD209458b. The thermal and
the dynamical effects can be seen as independent mechanisms
shaping the cloudiness of the planet, the total cloudiness being
a combination of both. Any horizontal structure in the cloudi-
ness due to dynamical mixing should decrease the apparent
cloudiness and the cloudiness derived in Figure 13 should be
seen as a maximum value.
We show that partially cloudy atmospheres are expected
over a very large range of equilibrium temperatures. Cur-
rently, most models retrieving the thermal structure and abun-
dances from secondary eclipses, phase curves and transmis-
sion spectra use a one dimensional model, where the cloudi-
ness is constant over the planet. When interpreting obser-
vations of a partially cloudy planet, however, this can lead
to biased conclusions (Line & Parmentier 2016) and artifi-
cially small uncertainties in the retrieved abundances. Our
work points towards the necessity for more complex, partially
cloudy models, as has been used in the brown dwarf commu-
nity (Marley et al. 2010).
We predict that some level of clouds are always present at
the terminator of hot Jupiters, even for very high tempera-
ture planets. As the temperature contrast on the dayside in-
creases with increasing equilibrium temperature, the western
limb is always cold and cloudy. This provides an explanation
for the presence of strong cloud signatures in the transmis-
sion spectrum of very high equilibrium temperature planets
such as WASP-12 b (Sing et al. 2013).
The cloud fraction can be used as a probe of the cloud com-
position. For example, the measurement of a partial cloud
coverage at the limb on a planet with an equilibrium temper-
ature of 1200K such as HD189733b would point towards a
cloud composition made of sodium sulfide clouds rather than
more refractory material such as manganese sulfide clouds.
The cloud coverage could be measured with high enough
signal-to-noise ratio transmission spectrum with HST/WFC3
or JWST (see Line & Parmentier 2016).
We predict that the cloud coverage at the limb is more
strongly affected by the vertical extent of the cloud than by
the change of the thermal structure of the planet with equi-
librium temperature. Trends relating equilibrium temperature
and the importance of clouds over this range of equilibrium
temperature (e.g. Stevenson 2016) might therefore be due to a
variation in cloud top level rather than a variation in the ther-
mal structure of the atmosphere.
We predict that partially cloudy daysides are common but
that the hottest point of the dayside should almost always be
devoid of clouds. As a consequence, secondary eclipse spec-
tra should be even more dominated by the emission from the
hottest point of the dayside than in a cloudless scenario.
Our models also show that clouds are always present on the
nightside of hot Jupiters, providing a possible explanation for
the low flux observed by HST/WFC3 from the nightside of
Wasp-43b (Stevenson et al. 2014), as suggested by Kataria
et al. (2015).
6. CONCLUSION
An asymmetry in the Kepler lightcurve has been observed
for a handful of planets: for the hottest planets, the lightcurve
peaks before secondary eclipse, whereas for planets cooler
than ∼ 1900K, it peaks after secondary eclipse (Esteves
et al. 2015). Here we model the thermal structure of tidally
locked giant exoplanets with a state-of-the-art global circu-
lation model. Based on the thermal structure we calculate
the expected cloud distribution and planetary lightcurve in
the Kepler bandpass for different cloud physical and chem-
ical properties and compare our results to the observations.
Our main findings are summarized in Table 1. Predictions
from our models can be found in Table 2.
We show that the lightcurve of a planet is the sum of a
thermal component and a reflected component. The thermal
lightcurve is determined by the thermal structure of the planet
and always peaks before the secondary eclipse of the planet
due to the eastward displacement of the hot spot. The re-
flected lightcurve is determined by the cloud distribution and
always peaks after the secondary eclipse as clouds tend to
form west of the substellar point, where the atmosphere is
cooler. We predict that a change from a reflected to a thermal
dominated lightcurve should occur at an equilibrium tempera-
ture of∼ 1900K, naturally explaining the trend from negative
to positive offset in the Kepler data.
For the cooler planets, we show that the presence of an
asymmetry of atmospheric origin in the lightcurves observed
by the Kepler spacecraft is a telltale sign of the cloud chemi-
cal composition, independently of the particle size and of the
cloud top pressure. Among several important cloud species,
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TABLE 1
MAIN CONCLUSIONS AND CORRESPONDING OBSERVATIONAL EVIDENCE
Conclusion Evidence
Presence of silicate clouds for Teq > 1600K Large Kepler lightcurve offsets of Kepler-41b, Kepler-8b and Kepler-7b
Small albedo for planets with 1700K < Teq < 1900K and large albedo for Kepler-7b
Lack of silicate clouds for Teq < 1600K Large Kepler lightcurve offset of Kepler-12b
Presence of three low albedo planets at Teq < 1600K
Lack of high albedo planets at Teq < 1600K
Presence of MnS clouds for Teq < 1600K Large Kepler lightcurve offset of Kepler-12b
Lack of corundum and iron clouds for Teq < 1900K Offsets in the Kepler lightcurve of Kepler-41b, Kepler-8b, Kepler-7b and Kepler-12b
Presence of gaseous TiO for Teq > 1900K Small offsets and large apparent albedos of Kepler-76b and HAT-P-7b
we show that only silicates and manganese sulfide clouds can
produce a noticeable offset in the Kepler lightcurve. Mod-
els incorporating silicate clouds predict a large offset of the
Kepler lightcurve in the 1600− 1900K equilibrium temper-
ature range. They provide a good match of the phasecurve
offset and albedos of Kepler-7b, Kepler-8b and Kepler-41b.
However, they predict a high albedo and no offset for the
cooler planet Kepler-12b, in stark contrast with the obser-
vations. Conversely, models considering manganese sulfide
clouds predict a large offset for equilibrium temperatures be-
tween 1300 and 1700K. They provide a good match for the
observations of Kepler-12b, Kepler-7b and Kepler-8b but can-
not reproduce the large offset observed for Kepler-41b.
We suggest that a transition between silicates and man-
ganese sulfide clouds happens around Teq ≈ 1600K. The
rainout of the cloud species as they are cold trapped in the
deep layers of the atmosphere provides a natural explana-
tion for this transition. This is analogous to the L/T brown
dwarf transition where silicate clouds disappear as they are
cold trapped bellow the photosphere when the equilibrium
temperature reaches ≈ 1400K (Kirkpatrick 2005). We ex-
pect a similar transition to happen for other cloud species,
leading to a temperature-dependent cloud composition for hot
Jupiters. As a consequence we do not expect silicate clouds
to be present in the canonical hot Jupiter HD189733b (Teq =
1200K) or in the hotter HD209458b (Teq = 1450K) as has of-
ten been proposed (e.g. Lecavelier Des Etangs et al. 2008). In-
stead our models imply that manganese sulfide clouds should
be the dominant cloud species in both planets (in agreement
with the albedo spectra of HD189733b, see Barstow et al.
(2014)), with the possible addition of chromium clouds in
HD209458b and sodium sulfide clouds in HD189733b.
The disappearance of the silicate clouds due to the deep
cold trap places a combined constraint on the deep vertical
mixing rate at the 10-100 bar cold trap, and on the parti-
cle size at that cold trap as the mixing rate must be small
and/or the particle size must be large for the cold trap to be
efficient (Spiegel et al. 2009; Parmentier et al. 2013). This
observational constraint is consistent with the theoretical ex-
pectation that cloud particles should increase in size with in-
creasing pressure (Lee et al. 2015) and that the vertical mixing
rate should decrease with increasing pressure in the radiative
atmosphere of hot Jupiters (Parmentier et al. 2013).
With our cold-trap model we reproduce all current observed
phase shift offsets and albedos in the Kepler bandpass. We
predict that phase shifts in the reflected lightcurve of hot
Jupiters should be common over the 1400− 1800K equilib-
rium temperature range. We also predict an increase in the
planet geometric albedo in the Kepler bandpass for planets
with an equilibrium temperature between 1600 and 1700K
due to the presence of silicate clouds and with an equilib-
rium temperature around 1200− 1300K due to the presence
of manganese sulfide clouds, making them easier targets for
secondary eclipse observations at small wavelengths.
We also show that the albedo and offset of planets cooler
than 2000K are well explained by models without TiO/VO
whereas the presence of TiO/VO allows a better fit of the Ke-
pler lightcurves offset and apparent albedo of the hottest plan-
ets Kepler-76b and HAT-P-7b. Such a transition for TiO/VO
is expected from our cold trap model and is compatible with
current detections of TiO in hot Jupiter atmospheres.
Finally, we show that the temperature contrast in the day-
side atmosphere increases with equilibrium temperature, lead-
ing to an always cold western limb, naturally explaining why
clouds are present at the limb of a large number of hot Jupiters
atmospheres, even in the hottest ones. We highlight the fun-
damental three-dimensional structure of hot Jupiters atmo-
spheres. Nightsides are predicted to be always cloudy, pro-
viding a possible explanation for the low flux observed in the
nightside of some planets. Inhomogeneous limbs and day-
sides are expected and should affect the retrieval of molecular
abundances from the transmission spectra whereas the day-
side spectrum should often be dominated by a cloud-free hot
spot.
Observations of the apparent albedo in the optical and of
the phase shift of the optical phase curve that will be obtained
by future photometric space mission such as CHEOPS, TESS
and PLATO should be able to confirm or refute the presence of
temperature dependent cloud composition. Particularly, ob-
servations of planets albedos in the 1500− 1700K equilib-
rium temperature range should be able to confirm the disap-
pearance of silicate clouds.
Transit spectroscopy can also provide insights on the cloud
composition by measuring the cloud coverage at the limb of
the planet or by directly measuring the spectral signature of
the cloud species (Wakeford & Sing 2015). Higher signal-
to-noise HST/WFC3 spectrum and future JWST observations
should be able to distinguish between different cloud compo-
sition for a given planet, providing important insights on the
deep temperature profile and the mechanisms governing the
long-term evolution of hot Jupiters.
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TABLE 2
MAIN PREDICTIONS AND CORRESPONDING OBSERVATIONAL TESTS
Predictions Observational test
Variation of the cloud composition with Teq Detect the condensate spectral signature in the far IR transit spectrum
Geometric albedo variation with Teq Measure secondary eclipses in the optical
Partially cloudy limbs Detect the shape of molecular features in the transmission spectrum
Cloudy nightsides Measure the thermal lightcurves
Cloudless dayside hot spots Detect molecular features in the secondary eclipse infrared spectrum
Detect phase shifts in planetary optical phase curves
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APPENDIX
PRESSURE-TEMPERATURE PROFILES
We show in Figures 14 to 16 the pressure-temperature profiles of a sample of our grid of models for planets with an equilibrium
temperature from 1300K to 2200K together with the condensation curves of several important species. In the cold trap model of
Section 4, we consider that the species rain out of the atmosphere and remove them from the calculation when their condensation
curves crosses the pressure-temperature profile in the 10−100bar region. We consider that the same mechanism is at work for
titanium dioxide and provide additional models where it is present in solar composition in Figure 15. Given the long radiative
timescales at these large depths and the limited time for which the simulations ran, the deep temperature is strongly influenced by
our initial condition. Our initial condition is the global average temperature profile calculated by Parmentier et al. (2015), which
is obtained by fitting the analytical formula of Parmentier et al. (2015) to the global average, solar-composition, without TiO/VO,
cloudless profiles calculated by Fortney et al. (2007). Although meridional and vertical transport of heat should affect this global
average on the long-term, these variations are expected to be small compared to the variations due to other uncertainties of the
problem such as the planet chemical composition (e.g. figure 10 of Heng et al. 2011).
OPTICAL DEPTHS
We show in Figure 17 the integrated extinction optical depth at 1bar for different cloud species in the dayside of our grid of
hot Jupiter models. Clouds are present only at the limb at high equilibrium temperature and cover homogeneously the dayside of
the planet at low equilibrium temperatures. The equilibrium temperature for which partial clouds are present is a strong function
of the cloud composition. When several clouds are present at the same time, the figure can be used to compare the relative
importance of the different clouds.
The calculated optical depths are larger than the ones calculated (Marley 2000) using a similar model for brown dwarf atmo-
spheres due to the lower gravity of hot Jupiters. They are also much larger than the ones estimated by Fortney et al. (2005) for
HD209458b. Fortney et al. (2005) used the Ackerman & Marley (2001) model with a rather small vertical mixing coefficient,
leading to a vertically thin cloud formed of large (≈ 10− 100µm) particles. Our model lacks of the self-consistent structure of
the Ackerman & Marley (2001). However, the small particles and vertically homogeneous cloud we assume, corresponding to a
large vertical mixing coefficient, are more in agreement with transmission spectrum observations and theoretical work on vertical
mixing Parmentier et al. (2013). Overall, the calculations of Figure 17 should be seen as the maximum optical depth that can be
reached by clouds in hot Jupiter atmospheres, as larger particles and weaker mixing rates would tend to decrease the opacities.
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FIG. 14.— Pressure temperature profiles for our grid of GCM models without TiO/VO. The profiles are colored with respect to their spatial position as in
Figure 1. Superposed are the condensation curves of the species considered in this paper.
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FIG. 15.— Pressure temperature profiles for our grid of GCM models without TiO/VO. The profiles are colored with respect to their spatial position as in
Figure 1. Superposed are the condensation curves of the species considered in this paper.
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FIG. 16.— Pressure temperature profiles for our grid of GCM models without TiO/VO (left) and with TiO/VO (right). The profiles are colored with respect to
their spatial position as in Figure 1. Superposed are the condensation curves of the species considered in this paper.
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